Using parsec-resolution simulations of a typical galaxy merger, we study the triggering of starbursts by connecting the (inter-)galactic dynamics to the structure of the interstellar medium. The gravitational encounter between two galaxies enhances tidal compression over large volumes, which increases and modifies the turbulence, in particular its compressive mode with respect to the solenoidal one. This generates an excess of dense gas leading to intense star formation activity. Along the interaction, the compressive turbulence modifies the efficiency of gas-to-star conversion which, in the Schmidt-Kennicutt diagram, drives the galaxies from the sequence of discs to that of starbursts.
INTRODUCTION
Starbursts are generally attributed to galaxy interactions and mergers (e.g. Sanders & Mirabel 1996) . Mergers induce gravitational torques and global gas inflows toward the galaxy centres, enhancing the gas surface density (Keel et al. 1985) . Simulations have demonstrated that this process triggers bursts of star formation, especially in the inner regions of advanced mergers (e.g. Barnes & Hernquist 1991; Hopkins et al. 2006; Robertson et al. 2006; Di Matteo et al. 2007; Cox et al. 2008; Karl et al. 2010 ). Yet, this process alone does not explain all properties of mergerinduced star formation, which can be intense even in early interaction phases (Ellison et al. 2008) , and is often spatially-extended, off-nuclear (Wang et al. 2004; Barnes 2004; Cullen et al. 2006; Elmegreen et al. 2006; Smith et al. 2008; Hancock et al. 2009; Chien & Barnes 2010) . In fact, starburst galaxies can convert their gas into stars an order of magnitude faster than isolated discs with similar global gas surface densities, i.e. independently of the global compression by inflows (Daddi et al. 2010; Genzel et al. 2010; Saintonge et al. 2012) .
Simulations have shown that, on top of the global enhancement of the gas surface density by the interactioninduced inflows, changes in the sub-structure of the interstellar medium (ISM) can control the starburst activity of mergers (Teyssier et al. 2010; Powell et al. 2013) . Interactions increase the ISM turbulence, in agreement with observations (Irwin 1994; Elmegreen et al. 1995) , and could help com-⋆ florent.renaud@cea.fr press the diffuse gas reservoirs (Jog & Solomon 1992) . Nevertheless, it remains unknown (i) whether numerical models can now reach convergence on the global starburst activity by sufficiently resolving the small-scale physics and structure of the ISM, (ii) through which physical processes galaxy mergers could increase or modify turbulence, and (iii) why triggered turbulence would lead to starburst activity rather than stabilizing clouds against collapse.
Using parsec-scale simulations of a representative merger, we here address these three aspects by probing the role of the tidal field in modifying the properties of the ISM turbulence down to the scales of star-forming regions.
PARSEC-SCALE ISM STRUCTURE IN A PROTOTYPICAL MERGER SIMULATION
We use a hydrodynamical simulation of a major galaxy merger run with the adaptive mesh refinement code RAMSES (Teyssier 2002) , and presented in detail in Renaud, Bournaud & Duc (in prep.) . The physical ingredients implemented are identical to those in Bournaud et al. (2014) . They include heating and cooling at solar metallicity (down to 100 K), star formation and stellar feedback (photo-ionization, radiative pressure and supernovae thermal blasts). The refinement is based on the density of baryons and ensures that the Jeans length is always resolved by at least four cells. The resolution reached is 1.5 pc, with a gas mass per cell of ≈ 1000 M⊙. The galaxy models are made of live dark matter and stellar components on top of the gas discs. Although the merger model ressembles the Antennae galaxies (NGC 4038/39) at some specific time, its parameters are common for ΛCDM merger orbits (elliptical orbit with an impact parameter of the order of twice the galactic radius, and with a relative velocity of 160 km s −1 , see Khochfar & Burkert 2006) .
We also run the same merger model at lower resolutions (6 and 24 pc), and the progenitor galaxies in isolation, as a control sample. The numerical methods used to compute the tidal field and the turbulent modes are given in Appendix A.
The thumbnails on Fig. 1 show the density maps of the gas component at a few stages of the merger. The two zoomin views reveal the fragmentation of the ISM at an early stage of the merger, before galaxy-scale inflows concentrate the gas toward the nuclei. The bottom panel of Fig. 1 shows the star formation history of the merger. Data from the low resolution run (24 pc) shows variations of a factor of a few compared to the other runs (1.5 and 6 pc) for which convergence is reached. This demonstrates that parsec-resolution simulations allow to capture the small-scale physics relevant for the global star formation activity.
Compressive tides
A general property of galaxy interactions is that they are prone to extended regions of compressive tides 1 (Renaud et al. 2009 ) while isolated discs may host compressive tides only in very narrow, cored regions (Emsellem & van de Ven 2008) . Renaud et al. (2008) noted a correspondance between the position, duration and energy of the compressive tides and the observed properties of young star clusters in local mergers, and suggested that the compressive nature of tides could help to trigger the formation of stars. Recently, Jog (2013a,b) provided an analytical argument supporting this idea by deriving the modified Jeans and Toomre stability criteria in the presence of tides and showed that, indeed, compressive tides favor the collapse of gaseous structures.
Following Renaud et al. (2008) , we show in Fig. 1 that the gas mass fraction in compressive tidal mode increases by a factor ≈ 5 during the galaxy pericenter passages. Note that this quantity starts to increase even before the first pericenter passage itself (t = 0) because of the long-range nature of the gravitational effect of tides. At final coalescence (t > 190 Myr), the mass fraction in compressive tides is almost back to its initial value of a few percents. Such evolution is quantitatively representative of a wide variety of mergers, as shown in Renaud et al. (2009) .
Compressive and solenoidal turbulence
Turbulent motions can be decomposed into compressive (curl-free) and solenoidal (divergence-free) modes (Kritsuk et al. 2007; Federrath et al. 2010) . In the inertial range (i.e. the scales between the injection of turbulence and its dissipation, Frisch 1995), equipartition is reached when the compressive mode carries 1/3 of the turbulent energy and the solenoidal component carries the other 2/3 (Federrath et al. 2010) 2 , which is about the case in isolated and pre-merger galaxies in our simulation (see Fig. 1 for t −20 Myr). Such turbulence can be injected by feedback, gravity and hydrodynamics (Elmegreen & Scalo 2004; Mac Low & Klessen 2004; Hennebelle & Falgarone 2012) .
When a galaxy collision occurs, the gas velocity dispersion increases by a factor of a few (from 8 km s −1 to 36 km s −1 in our simulation, see Fig. 1 ), in line with the findings of Irwin (1994) , Elmegreen et al. (1995) , Bournaud et al. (2011) and Ueda et al. (2012) . We measure that the energy in compressive mode rises by a factor ≈ 12, while that in solenoidal mode only increases by a factor of ≈ 5, such that equipartition is no longer sustained. The rise of the turbulent mode energies shortly follows that of the mass fraction in compressive tides, with a delay of ≈ 10 Myr. The two effects concur throughout the merger, suggesting the tidal one excites the turbulent one.
Gas density PDF
The modification of the ISM turbulence affects the gas density probability distribution function (PDF), as shown in Fig. 2 at several stages along the merger. In isolation, the PDF can be, at first order, approximated by a log-normal functional form. Theoretically, such lognormal shape is characteristic of isothermal supersonic medium (Vazquez-Semadeni 1994; Nordlund & Padoan 1999; Wada & Norman 2001) , but it provides a good fit to the PDF in many galaxy simulations (e.g. Tasker & Bryan 2008; Robertson & Kravtsov 2008; Bournaud et al. 2011 ). On top of the log-normal, a power-law tail at densities 10 3 cm −3 is captured in high-resolution simulations. It corresponds to the self-gravitating gas (Elmegreen 2011 ) and represents about two percent of the gas mass in our isolated discs.
To first order, the width δ of the PDF is connected to the Mach number M through δ 2 = ln 1 + (1 − 2ζ/3) 2 M 2 , where ζ = 0 (resp. 1) represents a purely compressive (resp. solenoidal) turbulent mode, and equipartition corresponds to ζ = 1/2 (Federrath et al. 2008; Molina et al. 2012) . After the first encounter, the maximum density increases significantly, as a natural result of the raise of the turbulent energy noted above 3 . Since the compressive mode overcomes the solenoidal one (ζ < 1/2), the width δ increases faster with M than it would at equipartition, which results in a secondary component of the PDF at high density. This additional component contains between 10 and 20 percent of the gas mass, depending on the stage of the merger, i.e. much more than the initial power-law tail (two percent). 
Star formation
The star formation rate (SFR) is known to be mostly tightly correlated with the amounts of high-density gas ( 10 4 cm −3 , Gao & Solomon 2004; García-Burillo et al. 2012, but see Longmore et al. 2013 in specific small-scale environments). The large excess of dense gas induced by the triggered compressive turbulence should thus lead to an intense starburst independently of any theoretical model for the small-scale SFR. In our simulations, we quantify this effect with a standard recipe in which the local SFR density depends on the gas mass density divided by the gravitational free-fall time (for the gas denser than 50 cm −3 , and with a two percent efficiency, Krumholz & Tan 2007) .
The global SFR yields the expected bursts at about the times of the pericenter passages (Fig. 1) . In the end, the successive increases of the compressive tides, the compressive turbulence and the SFR occur with only 10 -30 Myr between the initial trigger (tides) and the resulting starburst. This small delay confirms that the increase of velocity dispersion in mergers is not a consequence of stellar feedback but is instead of gravitational origin (as already stated by Teyssier et al. 2010; Powell et al. 2013 ). Fig. 3 shows the evolution of the galactic system in the Schmidt-Kennicutt diagram. The pre-merger galaxies and the isolated progenitors are initially on the sequence of discs, i.e. forming stars with the same efficiency as local spirals or high redshift discs. During the first starburst episode, the increase of compressive turbulence makes their ISM more efficient at converting gas into stars, although global inflows did not have time to significantly enhance the surface density of gas yet. The system moves to the starburst regime. At the second encounter, the surface density of gas gets boosted by gravitational torques and inflows on top of the compressive triggers already seen at the first encounter. This translates into a new enhancement of the star formation efficiency. 
DISCUSSION AND CONCLUSION
Using hydrodynamical simulations, we propose a physical explanation for the enhancement of star formation activity in galaxy mergers. Our main findings are as follows:
• The global SFR evolution reaches numerical convergence at parsec-scale resolution.
• The rise of the gas mass fraction in compressive tides in extended volumes during the galactic collisions pumps turbulence into the ISM and unbalances the equipartition between compressive and solenoidal turbulence modes. Such turbulence is not primarily driven by feedback.
• The compressive turbulence allows to overcome the regulating, stabilizing effect of turbulence, and to generate an excess of dense gas.
• This excess translates into an enhanced star formation activity and drives the merger to the starburst regime in the Schmidt-Kennicutt diagram.
• From the gravitational and tidal trigger to the ignition of starburst, the full sequence takes ∼ 10 -30 Myr.
Here, we have only accounted for integrated properties of the tides, turbulence and star formation. A study of the spatial distribution in the galaxies as well as the propagation of these phenomena will be described in a forthcoming contribution (Bournaud et al., in prep.) , showing in particular that the locations in space and time of the compressive tides, compressive turbulence and star forming regions coincide.
We have drawn our conclusions using a simulation of the Antennae galaxies. Obviously, in other interacting systems, the quantitative results we presented here are modulated by the parameters of the galaxies (shape of the halo, mass ratio, etc.) and by the details of their interaction (spin-orbit coupling, impact parameter, orbital eccentricity, etc.). However, the ubiquity of compressive tides in mergers has been previously demonstrated by Renaud et al. (2009) , which suggests that the triggers and physical processes mentioned above exist in many mergers.
An increase of the turbulent Mach number maintaining equipartition between compressive and solenoidal modes would widen the PDF without changing its functional form (from a log-normal), and would drive the evolution of the progenitor galaxies at constant efficiency in the SchmidtKennicutt diagram. This explains the similar star formation efficiencies between local spirals and redshift-two discs which have turbulent speeds about ten times larger (Renaud et al. 2012 , see also Kraljic et al. 2014) . A second component at high density in the PDF is necessary to reach the regime of local starbursts (i.e. with a SFR comparable to that of redshift-two discs but with a less turbulent ISM). This is generated by the deviation from equipartition which occurs during a merger. Krumholz et al. (2012) neglected the second component of the PDF in their conversion of volume to surface densities. By doing so, the starbursting mergers lie on the same regime as disc galaxies in their model, which leads to an apparent "universality" of star formation.
The physical context of mergers naturally modifies the turbulence forcing in ways that have so far been only arbitrarily implemented in idealised volume-limited simulations of the ISM (Federrath et al. 2008; Seifried et al. 2011; Saury et al. 2013) . We have shown here that the (10)kpcscale forcing induces variations in the structure of the ISM at parsec-scale, but it remains unclear whether the turbulence would retain a signature of these variations at the much smaller scale of dissipation. If it does, this might result in a variation of the proto-stellar core mass function, as proposed by Hopkins (2012) , and of the stellar initial mass function in mergers, with respect to isolated galaxies.
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APPENDIX A: COMPUTATION OF THE TIDES AND THE TURBULENCE MODES
The tidal field is computed with a first order finite difference scheme over a scale of 40 pc, using the total gravitational force provided by RAMSES. This way, we obtain the components Tij = −∂i∂jφ of the tidal tensor for the potential φ. The eigenvalues of the tensor indicate the strength of the tidal forces. The tides are (fully) compressive when all eigenvalues are negative.
We measure compressive and solenoidal turbulent motions by splitting the simulation volume into sub-volumes of 2 3 cells of ǫ = 40 pc each. In each sub-volume, the average motion is canceled out to keep only the local dispersion field v. We re-construct the compressive turbulent mode as vcomp,i = ǫ∂ivi so that it has the same divergence as the original field (∇ · v) and no curl. The solenoidal mode v sol,i = vi − vcomp,i recovers the curl of the local dispersion field (∇×v) with zero divergence. The turbulent energy estimated this way, summed up over the whole volume, recovers that obtained from the evolution of the mass-weighted total velocity dispersion (Fig. 1) . Federrath et al. (2011) noted that the solenoidal mode could be underestimated if computed over a few resolution elements. By evaluating it at the 40 pc scale, and since equipartition is reached when our galaxies are isolated, we do not suffer from such bias. The turbulent cascades from scales larger than 40 pc down to the parsec-scale will be detailed in Bournaud et al. (in prep.) .
